low concentrations of succinate were able to nodulate, but unable to fix N2, in association with peas. Finan et al. (1983) showed that mutants of R . leguminosarum defective in C4 dicarboxylic acid uptake were symbiotically ineffective. These results indicate that while C, dicarboxylic Ahbreriution: PEPCK, phosphoenolpyruvate carboxykinase. 0001-2073 0 1985 SGM Downloaded from www.microbiologyresearch.org by
(Received I 1 July 1984 ; revised 21 January 1985) 2067 Gluconeogenesis in Rhizobium leguminosarurn MNF3841 takes place via the derepressible enzymes phosphoenolpyruvate carboxykinase (PEPCK) and fructose bisphosphate aldolase. A Tn5-induced PEPCK deficient mutant (MNF3085) fails to grow on a wide range of simple carbon sources. PEPCK and fructose bisphosphate aldolase are rapidly derepressed when cells are transferred from a sugar to an organic acid as the sole carbon source. The addition of 0.1 mMsucrose causes an 80% inhibition of PEPCK and fructose bisphosphate aldolase synthesis, and 0.4 mM-Sucrose causes a complete inhibition of PEPCK synthesis. Pea bacteroids of MNF3841 purified on a Percoll gradient contain low levels of PEPCK and fructose bisphosphate aldolase. This bacteroid-associated PEPCK activity is clearly of bacterial not plant origin because of its nucleotide requirement, and the fact that bacteroids of MNF3085 contain no PEPCK activity at all. Although the mutant lacks PEPCK it is still able to nodulate and fix N 2 as effectively as the parent. The capacity to synthesize sugars via gluconeogenesis is not required for an effective symbiosis. Furthermore, these data suggest that pea bacteroids receive sufficient sugar to compensate for the gluconeogenic defect in strain MNF3085, but insufficient to completely repress the synthesis of PEPCK in the wild-type.
I N T R O D U C T I O N
Rhizobium, in common with many bacteria, has the ability to grow using C, dicarboxylic acids as its sole carbon source (Graham, 1964) . While it has been shown that Rhizobium has a functional tricarboxylic acid cycle for the oxidation of C, dicarboxylates (Keele et al., 1969 , 1970 Mulongoy & Elkan, 1977) , the nature and control of the gluconeogenic enzymes which are essential for growth on these substrates has not been studied in either the free-living or the bacteroid forms.
Moreover, the form of the carbon available to the bacteroid and its subsequent metabolism have not been resolved. Sugars are not required by the bacteroid as the sole carbon source for the development or the establishment of effective N fixation since mutants of Rhizobium trifoZii (Ronson & Primrose, 1979 ) and R . leguminosarum (Glenn et al., 1984) that were defective in glucose, fructose and sucrose catabolism formed effective nodules on their respective host plants. On the other hand, Duncan (198 1) described a fructokinase mutant of R. meliloti which produced ineffective nodules.
Ronson et al.
(1 98 I ) suggested that a supply of C4 dicarboxylates is essential for N fixation in clover since mutants of R. triJbZii deficient in C4 dicarboxylate uptake formed ineffective nodules. Similarly succinate resistant SUCII mutants (Glenn & Brewin, 198 1) and a dicarboxylate transport mutant (dct) of R. leguminosarum (Glenn et al., 1984) acids may be an essential energy source required' by the bacteroid to fix N2, bacteroid growth and development can be achieved using other carbon sources. If sugars, which are present in large quantities within legume nodules (Streeter, 1980) , are available to the bacteroid they might well obviate the need for gluconeogenesis. If the enzymes of gluconeogenesis are repressed in cells with sugar available, assay for such enzymes in bacteroids should indicate if appreciable amounts of sugars are available to them. This paper investigates that possibility. Data are presented on the repression and derepression of gluconeogenic enzymes in laboratory cultures, and the levels of gluconeogenic enzymes in isolated bacteroids. We also describe the growth, nodulation and N2 fixation characteristics of an R. leguminosarum strain that is deficient in phosphoenolpyruvate carboxykinase (PEPCK), a key gluconeogenic enzyme in this organism.
METHODS
Organism. Rhizobium leguminosarum MNF3841 and MNF3085 are respectively Strr and PEPCK deficient derivatives of strain 300 (Johnston & Beringer, 1975) ; they are described in the preceding paper (Arwas et al., 1985) .
Batch culture. Bacteria were grown aerobically at 28 "C in the minimal salts medium of Brown & Dilworth (1973, but with 0.3 mM-phosphate, 10 mM-NHz as the nitrogen source and sucrose or fumarate (10 KIM) as carbon sources. The pH was maintained at 7.2 with 40 mM-HEPES/KOH. Cell growth was measured at OD6,,,, with a Varian Techtron model 635 spectrophotometer.
Continuous culture. The medium for continuous culture was identical to that for batch culture except that it contained 20 mM-HEPES pH 7.2 and had a limiting concentration of phosphate (0.08 mM). The chemostat had a working volume of 400 ml and was operated at a dilution rate of 0.1 h-' at 28 "C.
Nodule production. Pre-germinated peas (Pisum sutivum L. cv Greenfeast) were planted into pots of sterilized yellow sand and inoculated with R . leguminosarum MNF3841 or MNF3085. The plants were regularly watered with nitrogen-free nutrient solution (Broughton & Dilworth, 1971 ) until harvesting at 28 to 35 d after inoculation.
Bacteroid isolation. Two techniques of bacteroid isolation were used. The first, differential centrifugation, was done as described by Glenn et al. (1 980) . The second was a modification of the Percoll gradient method of Reibach et al. (1981) . Weighed nodules (2 to 3 g) were mixed with an equivalent volume of 0.1 M-potassium phosphate buffer (pH 7.6) containing 1 mwdithiothreitol and were ground in a mortar and pestle at 4 "C. The resultant slurry was filtered through four layers of medical gauze and layered onto 35 ml of a mixture containing 70% (w/v) Percoll, 0.1 M-phosphate (pH 7.6) and I mM-dithiothreitol in a 50 ml polycarbonate centrifuge tube. This was centrifuged in an SS-34 angle head rotor (Sorvall RC5 refrigerated centrifuge; Du Pont) at 48000g for 50 min. Isolation on a smaller scale was done with 15 ml disposable Beckman centrifuge tubes containing the same Percoll mixture as above, and with centrifugation in a Beckman L550 ultracentrifuge (Ti50 rotor) at 48000g for 35 min. The bottom of the centrifuge tube was pierced using a hypodermic needle and 0.5 ml fractions collected using a peristaltic pump. The fractions which contained bacteroids were bulked so as to provide sufficient material for cell extracts, and were diluted 1 : 10 with 20 mM-HEPES/KOH pH 7.6 containing 1 mM-dithiothreitol and centrifuged at lOOOOg for 10 min. The pellet was washed twice with 20 mM-HEPES pH 7.6 containing 1 mM-dithiothreitol and finally resuspended to a volume of 3 ml with the same buffer.
Preparation of'cell extracts. Cells were centrifuged at 6000 g for 10 min and the pellet resuspended in minimal salts (Brown & Dilworth, 1975) containing 20 mM-HEPES pH 7.6 and 0.3 mM-potassium phosphate. The cells were washed twice in this medium and finally resuspended in 3 ml 20 mM-HEPES (pH 7.6) containing 1 mMdithiothreitol at 4 "C. Cell extracts were prepared using a French pressure cell (Paton Industries, Adelaide, South Australia) at 69000 kPa and the supernatant was used in enzyme assays after centrifugation at 14000g for 20 min at 4 "C.
Enzyme assays. Fructose bisphosphate aldolase (EC 4.1 -2.13) was assayed using the method of Lynch et al. (1975) but with 40 mM-Tris/HCI pH 8.5 as the buffer. PEPCK (EC 4.1.1.49) was measured spectrophotometrically using the method of Krebs & Bridger (1975) . Pyruvate carboxylase (EC 6.4.1.1) and / 3hydroxybutyrate dehydrogenase (EC 1 . 1 . 1 .30) were measured using the methods described by Reibach et al. (1981) . AMP-dependent pyruvate orthophosphate dikinase (EC 2.7.9. I) was measured as described by South & Reeves (1975) . Malic enzyme (EC 1.1.1.40) was assayed using the method of Walker (1960), and fructose bisphosphatase (EC 3.1 .3.11) was assayed as described by Lynch et al. (1975) . The enzyme activities given are the means of at least three replicates; SEM were in all cases less than 15%.
Analytical methods. Protein was determined by the method of Lowry using bovine serum albumin as standard.
Electron microscopy. Bacteroids were allowed to dry on formvar coated grids, stained for 30 s with 0.5% potassium phosphotungstate (pH 6.5) and washed twice with deionized water. After drying they were viewed on a Phillips 301 transmission electron microscope operated at 80 kV. et al., 1976) was used to assess the capacity of the Measurement of O., consumption. Substrate-dependent O2 consumption was measured at 28 "C using a strains to fix N 2 in association with peas.
Hansatech oxygen electrode as described by Glenn & Dilworth (1981) .
RESULTS AND DISCUSSION
Gluconeogenic enzymes of Rhizobium leguminosarum. Strain MNF3841 was grown in phosphate-limited chemostat culture to an OD600 of 0.7 (0.22 mg dry wt ml-l) with either sucrose or fumarate (10 mM) as the sole carbon source. The activities of gluconeogenic enzymes in cell extracts prepared from these cells are shown in Table 1 . The pathway of gluconeogenesis in R . leguminosarum appears to take place via PEPCK, fructose bisphosphate aldolase and fructose bisphosphatase while the activities of malic enzyme and pyruvate orthophosphate dikinase do not appear to be of significance. PEPCK would appear to be essential for gluconeogenesis in this organism since strain MNF3085, a PEPCK deficient mutant, failed to grow on pyruvate, succinate, glutamate or arabinose but grew as well as MNF300 on glycerol or glucose minimal media (Arwas et al., 1985) . Despite its inability to grow on these substrates, MNF3085 retained the ability to oxidize them, as measured by substrate-dependent O2 consumption ( Table 2) .
Batch culture studies showed that both PEPCK and fructose bisphosphate aldolase activities were present when fumarate was the carbon source, and were absent when sucrose was the carbon source. We believe that the simplest explanation of this effect is a repression of gene expression by the sugar. The enzyme could possibly be directly inactivated, but we believe that this is less likely. PEPCK was completely repressed when sucrose was the carbon source, while fructose bisphosphate aldolase had approximately 20 % of the derepressed activity. Cells grown in chemostat culture showed the same repression characteristics as batch cultured cells, but their activities were 60% higher. Derepression of both enzymes was observed in sucrose batch culture after the cells had grown to an O D 6 0 0 greater than 1 (0.31 mg dry wt ml-l) and the sucrose concentration had been depleted (not shown).
Derepression of PEPCK and fructose bisphosphate aldolase.
The time course for the derepression of PEPCK and fructose bisphosphate aldolase in MNF3841 was measured as follows. Cells were grown in batch culture on 10 mM-sucrose (as the carbon source) to an OD600 of approximately 0.4, harvested by centrifugation (6000 g for 10 min), washed twice with minimal salts (Brown & Dilworth, 1975) and resuspended (OD600 of approximately 0.2) in minimal medium containing 10 mM-fUmarate as the sole carbon source. Samples (50 ml) were taken at 0, 1, 2, 4, 6 and 9 h after resuspension and cell extracts were prepared for the determination of enzyme activities.
PEPCK was completely derepressed within 2 h under these conditions, while fructose bisphosphate aldolase, which started with a basal level of 9 nmol min-' (mg protein)", continued to derepress during the nine hours that the experiment was conducted (Fig. 1) . This would suggest that PEPCK is the key regulatory enzyme involved in gluconeogenesis in MNF3841. Exponential cell growth (mean generation time of 3.3 h, equivalent to that on sucrose) was evident within 1 h of transfer even though neither enzyme was fully derepressed.
Similar experiments involving transfers from glucose to succinate and from glucose to fumarate all showed the resumption of exponential cell growth (and hence the derepression of gluconeogenesis) within 1 h of transfer. Thus R . leguminosarum has the ability to rapidly derepress its gluconeogenic enzymes and regain an exponential rate of growth within 1 h of being transferred from a sugar as the sole carbon source to an organic acid as the sole carbon source.
Cells of MNF3085 showed no PEPCK activity when they were grown on sucrose to an ODboo of 0.8, washed twice with buffered minimal salts and incubated in minimal salts medium with fumarate as the sole carbon source for 6 h. Fructose bisphosphate aldolase activity, however, did increase from 8 nmol min-I (mg protein)-' to 23 nmol min-l (mg protein)-' during the 6 h incubation. mion o j PEPCK and Jructose bisphosphate aldolase by sucrose. MNF3841 was rown in phosphate-limited chemostat culture at 28 "C with 10 mM-fUmarate as the sole carbon source; the working volume was 400 ml and the dilution rate was 0.1 2 h-l . When the cells were in steady state, samples were taken on consecutive days, cell extracts prepared and the activities of the enzymes determined. The sucrose concentration was increased, in steps, and PEPCK and fructose bisphosphate aldolase activities in the cell extracts were assayed once each new steady state was attained (Fig. 2) . The activity of PEPCK was not affected by incubation in the presence of 10 mM-SuCrOSe in the assay cuvette for 20 min.
A low sucrose concentration (0.1 mM) was sufficient to cause an 85% repression of PEPCK and an 80 % repression of fructose bisphosphate aldolase ; increasing the sucrose concentration above 0.1 mM did not cause any further repression of fructose bisphosphate aldolase, but PEPCK continued to be repressed, until at a sucrose concentration of 0.4 mM no activity was detect able.
Nodulation and N2 fixation characteristics of MNF3085. MNF3085 has been shown to form effective nodules on pea plants (Arwas et al., 1985) .
Separation of' plant enzymes jkom bacteroid enzymes.
Accurate determinations of bacteroid enzyme activities are impossible unless enzymes of plant origin can be separated from those of bacteroid origin. This is particularly important for enzymes which are present in relatively high concentrations in the plant, compared to the bacteroid. Bacteroid isolation using differential centrifugation has been widely used, but suffers from the problem of incomplete separation of plant and bacteroid components. Mutants of R. leguminosarum which were deficient for glucokinase (MNF3860) or pyruvate dehydrogenase (MNF3870) in the free-living form (Glenn et al., 1984) showed small activities of these enzymes in cell extracts prepared from bacteroids of these strains isolated by differential centrifugation. This activity appears to be derived from the plant as subsequent isolations from the nodules confirmed the purity of the inocula. Electron microscopy of bacteroids isolated by differential centrifugation showed the presence of plant material in the bacteroid fraction. A more satisfactory technique is to use a sucrose gradient (Sutton &k Mahoney, 1977) or a Percoll gradient as described by Reibach et al. (1981) . Fig. 3 shows the separation achieved using a modified version of this technique. Examination of the bacteroids isolated in this manner by electron microscopy showed an absence of plant material, though particles of Percoll were evident. These were removed by two washings in buffer. Control experiments showed that Percoll had no direct effect on the activity of PEPCK or fructose bisphosphate aldolase.
Marker enzymes, as used by Reibach et al. (1981) , which are indicative of the plant fraction (phosphoenolpyruvate carboxylase) and the bacteroid fraction (P-hydroxybutyrate dehydrogenase) were chosen. These marker enzymes indicated that plant and bacteroid fractions were effectively separated using a Percoll gradient. Although PEPCK and fructose bisphosphate aldolase were present in the plant fraction, they were also present in the bacteroid fraction and this was clearly separate from the plant fraction. This was confirmed when the substrate requirements of plant and bacteroid PEPCK were compared. PEPCK from pea roots showed activity in the presence of ADP [31 nmol min-I (mg protein)-'] or GDP [46 nmol min-l (mg protein)-'] whereas PEPCK extracted from free-living fumarate grown MNF3841 cells showed no activity in the presence of GDP alone [activity with ADP: 120 nmol min-l (mg protein)-']. When bacteroids isolated on a Percoll gradient were assayed for PEPCK they showed no activity with GDP [activity with ADP: 10 nmol min-l (mg protein)-'], suggesting that PEPCK in the bacteroid extract is solely of bacterial not plant origin. Furthermore, bacteroid extracts of MNF3085 (which lacks PEPCK in the free-living form) showed no PEPCK activity. PEPCK is therefore present in the bacteroid and it is of rhizobial, not plant, origin.
The significance of'PEPCK in the bacteroid. Given that PEPCK regulation in the bacteroid is similar to that of free-living cells in chemostat cultures, the presence of PEPCK in the bacteroid suggests that the bacteroid is receiving only low concentrations of sugar. PEPCK in the freeliving bacterium is lowered to 6 to 15 nmol min-] (mg protein)-* (the level found in the bacteroid) by a sucrose concentration of 0.2 to 0-3 mM. This would suggest that at most 0.3 mMsucrose is able to enter the bacteroid. While this concentration of sucrose may not support the total energy requirement of the bacteroid it may be sufficient for the provision of sugar precursors for biosynthesis.
This premise is supported by the characteristics of MNF3085, which is PEPCK deficient and hence gluconeogenesis deficient. MNF3085 has retained the ability to both nodulate and fix N2 in association with peas (Arwas et al., 1985) , and to achieve this it must receive a supply of sugar from the plant adequate for biosynthesis to support bacteroid growth and development; this small amount of sugar is not sufficient to repress PEPCK in the wild-type. These data support bulked (a, b) so as to provide sufficient material for cell extracts, which were prepared as described in Methods. The activities of phosphoenolpyruvate carboxylase (d) and PEPCK in (c) were measured per ml extract rather than per mg protein due to the presence of Percoll in the fractions (which interferes with the Lowry method of protein determination).
the conclusion of Ronson et al. (1981) that although C4 dicarboxylic acids may be essential for N2 fixation, rhizobia in the nodule must also use other carbon compounds to support growth and division. It is conceivable that passive diffusion may be sufficient to provide the low levels of sugars essential for the bacteroid.
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